This study describes extraction of selected volatile fatty acids (VFAs) (containing from 2 up to 8 carbon atoms) with methyl-tert-butyl ether (MTBE) from polluted aqueous samples followed by separation, identification and quantification by gas chromatography coupled with mass spectrometry (GC-MS). Extraction parameters such as time and number of extractions, volume ratio, effect of acidification and salt addition were optimized with respect to recovery, enrichment factor and repeatability. The VFAs studied were separated using an open tubular capillary column Stabilwax-DA (crossbond polyethylene glycol treated with nitroterephtalic acid). The limits of quantitation (LOQ) of the procedure developed were on the level of 0.1 to 0.5 mg L À1 . The analysis of real samples of municipal raw and treated wastewater, animal farms wastewater, and also landfill leachates showed that always dominant was acetic acid. The content of VFAs in animal farms wastewater was a few times higher than in municipal wastewater and in municipal solid waste landfill leachates. In surface and ground water close to municipal landfill only acetic acid was detected at higher concentrations in outflow than inflow water. This indicates that slight leakage from the landfill must have occurred.
INTRODUCTION
Volatile fatty acids (VFAs) are alkane monocarboxylic acids containing from 2 to 8 carbon atoms in a molecule (C2-C8) (Peldszus 2006) . They originate from numerous natural (biological; geological; transformation of other pollutants) and anthropogenic (agriculture, pig farming, food processing, waste disposal) sources. They are formed from larger molecules, such as fats, carbohydrates, proteins and other organic compounds, in anaerobic biodegradation process. So they are present in municipal and farm wastewaters and in municipal solid waste (MSW) landfill leachates, which are formed when precipitation water percolates through solid waste (Abalos et al. 2000) . VFAs are also by-products of rumen digestion and hence livestock farm wastewater contains a large proportion of VFAs, which participate in pollution of domestic, diary industry and livestock farm wastewaters.
Also leachate can be strongly polluted wastewater, especially from young landfills containing large quantities of biodegradable organic matter undergoing rapid anaerobic fermentation (Welander et al. 1997) .
VFAs are intermediates in converting of organic matter to biogas and their content can be a good indicator how conversion processes proceed. However, they can enter the environment with the leachate if landfill is not sufficiently leakage proof and can pollute the environment, including ground and surface waters .
Being a source of easily assimilable carbon for microorganisms, VFAs play an important role in the biological wastewater treatment aimed at removing phosphorous and nitrogen compounds. The effectiveness of the process depends on the ratio of concentration of VFA to the concentration of nitrogen and phosphorous compounds. So they should be monitored in order to observe the process, learn how it proceeds and to have data for their content control. If not completely degraded at the end of the process they can enter the environment.
However, VFAs can be harmful to the environment, e.g. by increasing mobility of heavy metals and radionuclides, by giving unpleasant odor wherever fermentation process takes place and therefore can be a nuisance to the environment and people living there (Manni & Caron 1995) .
Therefore, VFAs should be monitored in raw wastewaters entering treatment plant as well as at different stages of its treatment, in treated wastewater discharged into the environment, and also in surface and ground waters and atmospheric air close to VFAs emitters.
If the total content of VFAs is of interest, which is often the case, the procedures based on titration (Anderson & Yang 1992) or spectrophotometry (Montgomery et al. 1962) have been used. Individual VFAs can be determined with the use of separation techniques such as electrophoresis, gas chromatography, and liquid, mainly ionic chromatography (Peldszus 2006) . Which technique is employed for a given analytical task depends on matrix composition, analyte concentration, required precision and accuracy, allowable time of analysis, financial capability of the laboratory, etc. Of these separation techniques gas chromatography (GC) seems a method of choice and is most often applied. Using GC, VFAs can be separated and detected in the free form or after conversion to derivatives (Peldszus 2006; Giecewicz & Zygmunt 2003) .
For relatively clean aqueous samples direct aqueous injection (DAI) can be applied provided that solid particles are separated before sample injection into a gas chromatograph and that a separation column and detection system are compatible with water (Aiello-Mazzarri et al. 2006) . Otherwise, VFAs must be isolated from the sample, matrix exchanged and possibly concentration increased, at least to the value above the quantitation limit. This can be done by distillation, solvent extraction (Hauser & Zabransky 1975) , solid phase microextraction (SPME) (Larreta et al. 2006; Lou et al. 2008 ) and gas extraction (headspace (HS) and purge and trap (PT)) or combination of some of these methods (Giecewicz & Zygmunt 2003; Banel & Zygmunt 2008) .
Poorly volatile or nonvolatile organic and inorganic matter accompanying analyte VFAs can deteriorate chromatographic separation and damage a chromatographic system. Therefore, instead of injection of an original aqueous sample, its extract in organic solvent, sample headspace or analytes extracted from sample HS to an SPME fiber are introduced into a GC column. The background response can then be considerably lowered which improves signal to noise ratio and hence decreases detection limits. Applying HS-SPME to sample C2-C4 acids from urban wastewater, a nitroterephtalic acid modified polyethylene glycol stationary phase (PEG) for GC separation and FID for detection of VFAs, their detection limits (LODs) were on the level of 700 g L À1 for acetic acid and 6 to 54 g L À1 for higher members of the homologous series (Abalos et al. 2000) . The relatively high LODs for acetic acid were generally not a limiting factor in the case described since its content in raw wastewater is rather high as compared to other acids. Thanks to HS sampling, VFAs could have been routinely determined in samples from an expanded granular sludge bed EGSB anaerobic reactor by GC-FID (Cruwys et al. 2002) . By applying weighted least squares linear regression model to evaluate the results these authors achieved LODs on the level ranging from 0.3 for valeric acid to 3.7 mg L À1 for acetic acid in routine measurements. Noticeable improvement in selectivity and in LODs (from 2 g L À1 for butyric acid to 150 g L À1 for acetic acid) was obtained using GC-MS with negative ion chemical ionization for determination of VFAs sampled by HS-SPME from aqueous media. If an aqueous medium is relatively clean, an SPME fiber can be immersed directly into an aqueous sample. Using the SPME fiber coated with Carbowax/divinylobenzene for extraction and GC coupled with MS with electron beam ion source for the analysis proper, LODs for C1-C7 fatty acids ranged from 0.03 to 11.0 mM L À1 (Shao-Pin 1999).
In this work, an analytical procedure for the determination of volatile free C2-C4 fatty acids, described earlier , was extended to C2-C8 VFAs. Methyl-tert-butyl ether (MTBE) was used to isolate VFAs from wastewater and GC-MS in Full Spectrum Scanning (SCAN) and Selected Ion Monitoring (SIM) mode instead of GC-FID to analyze the extract. The procedure made it possible to determine VFAs in municipal and animal farm wastewater and also in landfill leachate.
MATERIALS AND METHODS

Chemicals and solutions
C2-C8 acid standards of purity of either 99.8% or 99.5% were purchased from Fluka (Switzerland). Sodium sulfate (VI) was acquired from P.P.H. Standard Sp. z o.o. (Poland). MTBE was from Merck (Germany).
Stock standard solutions of each analyte in MTBE were prepared by dissolving acid standards in MTBE. Working solutions were obtained by mixing stock standards solutions of individual acids and then diluting the mixture prepared to a required concentration with MTBE. Standard aqueous samples were made by spiking water purified by means of reverse osmosis (MilliQ A10 Gradient/Elix System, Millipore; Bedford, MA, USA) with a mixture of the stock standard solutions. All the VFA standard solutions were stored at 41C in darkness.
The characteristics of analyte acids are given in Table 1 .
Samples
The real samples analyzed were: municipal raw wastewater, pig farm and cattle farm wastewater and municipal solid waste landfill leachate. All samples were collected to 0.5 L special plastics bottless. Before each filling, the bottles were rinsed twice with a medium to be sampled. To prevent volatile components from escaping, the bottles were filled to the brim.
Samples of groundwater from individual piezometers were collected using a WHALE pump.
Samples of surface water, leachate, municipal wastewater, pig farm and cattle farm wastewaters were collected using a small bucket attached to a pole. After collection the samples were transported to the laboratory in ice cooled boxes for a period not longer than 4 h. Then they were acidified and stored at a temperature of 4 1 C.
Instrumentation
A Thermo Finnigan Trace GC gas chromatograph equipped with a split/splitless injector and a TRACE DSQ quadrupole mass spectrometer was used to analyse a MTBE extract. An injection port equipped with a 1 mm I.D. liner operated in splitless mode (after 1 min, split ratio was 1:10) was kept at a temperature of 250 1 C. An open tubular column (30 m Â 0.25 mm Â 0.25 mm) coated with Stabilwax-DA (crossbond polyethylene glycol treated with nitroterephtalic acid) was used for separation. Temperature program was 60 1C (2 min) then 10 1C/min to 220 1C (1 min), respectively. Helium at a flowrate of 1.0 mL min À1 was a carrier gas. The injection port and Of swine stables transfer line temperatures were set at 2501C and electron impact ion source was held at 220 1C. MS was operated in a full scan mode (m/z 40-400) and in a selected ion monitoring (SIM) mode. Ions for detection of individual analyte VFAs in SIM mode were selected using the mass spectra of standards generated in SCAN mode.
Procedure
An original sample (real or standard) was acidified to ca. pH2 to diminish acids solubility and to prevent it from biodegradation. Real samples were also centrifuged (30 min/4000 rpm) just before analysis to separate possibly present suspended matter. Before liquid-liquid extraction (LLE), 4 mL samples were salted out by adding 1 g sodium chloride and then extracted twice with 2 mL MTBE, each time. When emulsion formed during extraction an additional step of centrifuging (2 min/4000 rpm) must have been applied to break the emulsion. An organic phase was collected with a syringe. The extracts of step I and II were combined, dried by addition of anhydrous sodium sulfate and subjected to GC-MS analysis. 1 mL extract aliquots were introduced into the GC system with a 10 mL glass syringe (Hamilton Bonaduz AG, Switzerland) using cold empty needle injection. Identification of acids in real samples was based on comparing retention times and mass spectra of peaks on the chromatograms of extracts of real samples and the standard solution. If VFAs concentration was low and/or some other sample compo-nents were found to co-elute with analyte acids, SIM mode (only ion or ions characteristic for an acid just eluted were detected) was applied. Quantitative analysis was conducted using chromatograms generated in SIM mode.
RESULTS AND DISCUSSION
GC separation of volatile fatty acids
VFAs are very polar compounds and a Stabilwax-DA column was selected for their separation. To achieve the best separation such parameters as initial temperature and time, temperature increase rate and injection port temperature were optimized. The initial temperature and time appeared to be crucial factors in achieving good peak shape and separation of the most volatile acids. The MTBE solvent applied did not contain the impurities which co-eluted with analyte VFAs. Figure 1 presents the chromatograms obtained in total ion (SCAN) MS mode of MTBE solvent and a standard solution of VFAs (50 mg L À1 each) under the optimum conditions selected.
Detection and quantitation
In case of many real samples the concentrations of VFAs were very high in comparison to interfering sample components and they could have been identified on the basis of chromatograms produced in SCAN mode. When SIM mode was used, identification was based only on comparing propionic; 3-iso-butyric; 4-n-butyric; 5-iso-valeric; 6-n-valeric; 7-n-caproic; 8-n-enanthic; 9-n-caprylic.
retention times of the corresponding peaks on chromatograms of a standard solution and extracts of real samples. For quantitative analysis only chromatograms produced in SIM mode were used. This improved selectivity and permitted to obtain lower limits of quantitation (LOQ).
Applicability of MTBE for VFAs extraction
Earlier research showed that using GC-FID both diethyl ether and MTBE can be successfully used for extraction. Both solvents gave similar recoveries of C2-C4 VFAs and both proved to be of satisfactory purity when tested by means of GC-MS. Due to safety and some other reasons, MTBE was chosen for extraction . In this study, GC-MS was used to analyze MTBE extracts for a wider group of VFAs. Lack of peaks on the chromatogram of MTBE solvent, which could interfere with the peaks of C2-C8 analyte acids in the VFA solution in MTBE at a concentration of 50 mg L À1 of each analyte acid shows that MTBE solvent could be used to extract VFAs from water samples.
Number of successive extractions and extraction time
As shown in previous studies concerning only C2-C4 VFAs, each sample should be extracted twice. This should be valid for higher acids, as well . To choose the time of each extraction chromatographic peak areas corresponding to particular acids in MTBE extracts were measured for 1, 2, 3, and 4 min extraction times. The results ( Figure 2) show that extending the extraction time above 3 min does not improve recovery and decreases precision. So each extraction was decided to be run for 3 min.
Extractant volume
In both extraction steps the same amount of solvent was assumed to be used. Attempts were made with a 1, 2, 3, and 4 mL solvent for a 4 mL water sample. Since increasing the solvent volume above 2 mL did not increase recovery to reasonable extent and at the same time, an enrichment factor decreased, a 2 mL extractant volume was chosen for each extraction step.
Salting out effect
Generally, addition of inorganic salt decreases the solubility of organic compounds (analytes and organic solvent) in water and in this way increases the recovery of extraction. Figure 3 shows that the peak areas of acids in extracts were generally higher when 1 g NaCl was added to 4 mL aqueous sample before extraction. The increase was dependent on acid and reached ca. 60% for acetic acid, ca. 40% for propionic acid and from 5 to 20% for some other acids, excluding enanthic and caprylic acids for which differences were not statistically significant. Adding NaCl in amounts larger than 1 g to a standard sample did not have statistically significant effect on recovery of particular acids; this was found in earlier experiments. without NaCl added NaCl 3-iso-butyric; 4-n-butyric; 5-iso-valeric; 6-n-valeric; 7-n-caproic; 8-n-enanthic; 9-n-caprylic.
The final procedure
On the basis of the results obtained the best parameters were selected and the final analytical procedure proposed. It is schematically presented in Figure 4 .
Detection and quantitation limits of GC-MS system for individual VFAs
The relations between GC-MS response (peak areas) and VFA concentration in aqueous standard samples were determined. The concentrations of each acid in the successive samples were: 0.5; 5.0; 10; 25; 50; 75 and 100 mg L À1 . The samples were subjected to the process of extraction and calibration curves were plotted. Relationships between GC-MS system and concentrations of particular acids in the samples were linear within the above concentration range; the determination coefficient R 2 ranged from 0.9980 to 0.9995. Detection limits (LOD) were calculated from calibration curves using equation:
where: S is the residual standard deviation of calibration curve and b is the slope. The limits of detection (LODs) and quantitation limits (LOQ) defined as 3 LOD as well as LODs were acid dependent and ranged from 0.1 to 0.5 mg L À1 for aqueous standard samples.
The precision of the procedure developed expressed as a coefficient of variation (CV) for the concentration of 50 mg L À1 (five independent analyses) is on the level of 0.27 to 1.34%.
Real samples
The method was applied to analyze samples of different wastewaters: municipal raw wastewater; cattle and pig farm wastewater; and also municipal solid waste landfill leachate. The results are given in Table 2 .
The concentrations of individual acids were determined by applying the calibration curves prepared on the basis of standard aqueous samples of VFAs. In a few cases standard addition method was applied to test if matrix components influenced the results -VFAs were added to real samples as a mixture of the stock solutions. Since the differences were small as compared to errors of analysis, real samples were analyzed using external calibration. Figure 5 presents the chromatograms of extracts of real samples of municipal raw wastewater, cattle farm and pig farm wastewater, and landfill leachate (on each chromatogram the largest peak height was adjusted to a full scale).
The results presented in Table 2 show that in all wastewaters acetic acid was the most abundant. The second most abundant was propionic acid.
The contents of all the VFAs in animal farm wastewater are much higher (generally more than one order of magnitude) than in municipal wastewater and in MSW leachates.
The content of VFAs was also determined, using the method developed, in the brook water passing through the landfill (samples taken upstream and downstream of the landfill).
Only acetic acid was found in water of the brook. However, its concentration downstream was about twice the concentration upstream, though in both cases it was close to detection limits.
VFAs were also determined in ground water at the three levels of the upper water-bearing layer in the zone of ground water inflow to the area of a municipal solid waste landfill as well as in outflow groundwater. Water in the first level of the upper water layer outflowing the landfill contained acetic acid at a concentration in the range of 0.20-0.50 mg L À1 . The concentrations of the remaining acids were below the corresponding detection limits. Water in the second level of the upper water layer contained acetic acid at a bit higher concentration, i.e. in the range of 0.57-0.80 mg L À1 and the remaining acids below the detection limits. In the ground water inflowing the landfill VFAs were not detected. The data indicate that the landfill leachate could have been polluting the ground water with VFAs to some extent.
with GC-MS it can enable to obtain detection limits on the level of 0.1-0.5 mg L À1 . It was sucessfully applied to determine VFAs also in very ''dirty'' samples, e.g. in cattle farm wastewater.
The data obtained show that the concentration of VFAs in wastewater of different origin as well as concentrations at successive steps of wastewater treatment differ very much. In the case of the landfills the concentration was ca 50 times lower. Analysis of surface and ground water confirmed that the investigated landfills could have been a source of slight pollution of these waters with VFAs.
